Electrical coupling between photoreceptors results in the extensive spreading of output potentials along the syncytium of photoreceptor terminals. This smoothing of output potentials seems to make spatial resolution worse. However, the photoreceptor noise that is considered to be non-correlated both in space and time is smoothed to the greater extent than the correlated potential difference across the boundaries between areas of different brightness. This improves the signal-to-noise ratio more for more extended boundaries and favours lowering the threshold so that they can be detected more easily during the subsequent processing. The results have a striking parallel with a well known dependence of contrast threshold on stimulus size as measured psychophysically.
Introduction
It is known that the photoreceptors of the vertebrate retina are electrically coupled [1] . Due to this, they form a conducting layer, the electrical syncytium, along which the output potentials spread. The effects of this coupling on retinal function have been analyzed both experimentally and theoretically [2 -7] . It has been shown that the summation of signals from many photoreceptors due to the spread of currents along the syncytium reduces fluctuation noise evoked by spontaneous dark activation of visual pigment as well as by the quantum nature of light. For the relatively large area stimuli, the signal-to-noise ratio increases and makes their detection easier. It was also suggested that the relative depression of signals from small bright stimuli expands the working range of illumination by preventing the local saturation of synaptic transmission between photoreceptors and bipolars [4, 8] .
Smoothing of output potentials of neighbour photoreceptors seems to degrade another important characteristic of the visual system, namely, its spatial resolution and the ability to detect boundaries between areas of different brightness. In this work we show that, against the intuitive expectation, the spread of potentials along the syncytium improves the detection of extended brightness boundaries.
According to our approach to the problem we consider as signals not the photoreceptor output potentials themselves but the differences in the potentials of neighbour photoreceptors. The importance of electrical coupling between photoreceptors for reducing the noise might be doubted for cones under bright illuminations when the quantum noise is low. We want to point out here the existence of other sources of spatial noise that are present just at high illuminations. Elimination of their effect could be an important function of the visual system.
The first source is the inevitable non-uniformity of the photoreceptor array due to variations in photoreceptor parameters and high sensitivity of the mechanism of transmitter release from synaptic terminals [9] . Therefore small variations in photoreceptor membrane potential may result in significant differences in photoreceptor outputs even under uniform light.
It seems impossible to measure the non-uniformity of the photoreceptor array experimentally. The intracellular recordings themselves introduce much bigger errors than the probable natural variations of photoreceptor parameters. Also, the electrical couplings impede the estimation due to the spread of potentials along the syncytium. Therefore the existence of the spatial, or structural, noise of the photoreceptor array is more a postulate than an experimental fact. Another possible source of the spatial noise is the observed scene itself, for example, the fluctuations of the reflectance coefficient of visible surfaces.
In order to analyze the role of electrical couplings between photoreceptors in the detection of boundaries between areas of different brightness in the presence of spatial noise (irrespective of its nature), the computer experiments were carried out on this model of photoreceptor network.
Basic equations for the photoreceptor network
The real network of electrically coupled photoreceptors is not entirely homogeneous. Different photoreceptors may be coupled with a varying number of others, and the conductance of connections may vary in a broad range as well. To analyze quantitatively the effect of electrical coupling on the photoreceptor output potentials we used the simplified model of the photoreceptor network that was proposed by Lamb and Simon [2] . According to the model, photoreceptors are arranged in nodes of a regular square lattice. The lattice step, that is the node-node spacing, is taken as a unit of length. Every photoreceptor (except for those at the lattice boundaries) located in the node (m, n) is connected with four nearest neighbours in the nodes (m− 1, n), (m + 1, n), (m, n−1) and (m, n +1). All connections are of identical resistance r s .The electrical scheme of the Fig. 2 . Layout of the boundaries of unit stimulus spots on the lattice. The difference of output potentials is taken between the nodes (r, s −1) and (r, s) marked with black circles. Two unit square spots illuminate the nodes (r, s) and (p, q). The dashed line separates the nodes with nB s and n ] s as well as two semifields of different brightness.
model network to be dealt with is shown in Fig. 1 . It differs from that of Lamb and Simon [2] Fig. 2 in two respects: first, the capacitors are eliminated, since we consider only the steady states of the network for stationary light; second, the sources of V*(m, n), the output potential of an isolated photoreceptor located in the nodes (m, n), are included.
Actually, variation of the incident light intensity results in a change of the total membrane resistance, which brings about the change in the trans-membrane potential. Yet when the variations of the light intensity are small, each photoreceptor can be substituted with a source of the light-induced potential, V*(m, n), in series with a constant total membrane resistance, r m .
V(m, n), the output potential of the photoreceptor in the network, depends on the corresponding light-induced potential, V*(m, n), and the output potentials of four coupled neighbours, according to the following equation:
where
This equation is equivalent to Eq 8 of Lamb and Simon [2] , if one excludes the sources of the potential V*(m, n) and includes the sources of the external current i(m, n)=V*(m, n)/r m .
The ratio g= r s /r m is a measure of electrical coupling between photoreceptors. If g 1 then they are almost isolated and V(m, n):V*(m, n). The smaller is g, the stronger is the mutual influence of the output potentials of neighbour photoreceptors. The light stimulus determines the set of light-induced potentials on the right-hand side of Eq. (1). The set of output potentials can be found by solving a system of such equations. The solution of the system of Eq. (1) determines output potential at the node (m, n) as the weighted sum of light-induced potentials at the nodes (m +i, n+j ), where i, j= 0, 9 1, .... If the node (m, n) is situated far from the lattice boundaries, then the positive weight coefficients, being decreasing functions of distance between the nodes (m, n) and (m + i, n + j ), are only weakly dependent on (m, n) and the output potential is
where f g (i, j ), i, j= 0, 9 1,… are the weight coefficients so that
Lamb and Simon [2] found explicit expressions for the coefficients f g (i, j ) in terms of hypergeometric functions. This makes it possible to find the output potentials for some simple stimuli [7] .It is easy to solve the system of Eq. (1) when variation of stimulus brightness is restricted to a single dimension, that is the light-induced potential varies only along one of the coordinate axes [10] . In the case of n-axis the output potential is
are the weight coefficients and u(g) is the length constant equal to the distance (expressed in the lattice steps) of an e-fold decrease in the spreading potential. It is known [2] that
Detwiler and Hodgkin [11] found that the averaged value of g for the turtle cone network is about 0.4. For this value one can find u(0.4) = 1.61. Doubling and halving the value of the parameter g results in the following: u(0.8)=1.15 and u(0.2) =2.25.
Smoothing the difference between output potentials of neighbour photoreceptors
Electrical coupling between photoreceptors results in equalization of the output potentials of adjacent cells and therefore entails smoothing of the difference of these potentials. Since we will further consider mainly the difference in the output potentials of neighbour photoreceptors we shall use the short term 'potential difference' which would mean an equivalent of the (discrete) space derivative of photoreceptor outputs, whereas the term 'output potential' would mean the outputs themselves.
Let us consider the simplest stimulus which consists of a uniform background and a unit spot of another brightness. The unit spot is of square shape. The side of the square is equal to the node-node spacing so that the spot illuminates strictly one photoreceptor, say, located in the node (r, s). A fragment of the lattice along with the boundaries of the unit spot are shown on Fig. 2 . The light-induced potentials in other nodes are determined by the background brightness. Since Eq. (1) is linear and we need only the potential differences, it is possible to assign the light-induced potential as
where C is determined by the difference in brightness between the spot and the background. (The variation of background brightness results in a change of the total resistance of the photoreceptor membrane and, hence, a change of the parameter g. This effect is neglected in the paper). Let the node (r, s) be situated far from the lattice boundaries. It follows from Eq. (2) that the relative potential difference between nodes (r, s) and (r, s−1), separated by the boundary between the background and the unit spot, is
C= V*(r, s)− V*(r, s−1)
It is evident that the quantity a 1 (g) reaches its maximum value 1 in the case of isolated photoreceptors (g= ) when f ì (0, 0)= 1 and the other weight coefficients are zeros. Using the explicit expressions for the coefficients f g (0, 0) and f g (0, 1), founded by Lamb and Simon [2] , one can obtain the relative potential difference as
where K(···) is the complete elliptic integral of the first kind. The plot on Fig. 3 shows the dependence of the quantity a 1 (g) on the parameter g: the stronger is the photoreceptor coupling, the smaller is the relative potential difference. Let us modify the stimulus by addition of the second unit spot, that changes the light-induced potential in the node (p, q) (see Fig. 2 ) so that V*(p, q)= C. Now the relative potential difference between the nodes (r, s) and (r, s− 1) is 
V(r, s)−Vs
If q] s, that is the node (p, q) is closer to the node (r, s) than to the node (r, s −1), then the potential difference increases. Addition of next unit spots changing the light-induced potentials in the nodes (p%, q%), (p%%, q%%),… provided that q%, q%%] s… results in further increase of potential difference.
If the number of additional unit spots increases infinitely then the stimulus turns into two uniform semifields of different brightness which are separated by the straight line boundary passing between the nodes (r, s) and (r, s− 1) perpendicularly to the n-axis (dashed line on Fig. 2 ). Now the light-induced potential is
Since the stimulus brightness varies only along the n-axis, it is possible to use Eqs. (3) and (4) to obtain the relative potential difference between the nodes (r, s) and (r, s −1) across the boundary of two semifields as
The relative potential difference a sf (g) reaches its maximum value 1 for isolated photoreceptors. The stronger is the photoreceptor coupling, the smaller is this quantity and the more is the ratio a sf (g)/a 1 (g). It is of interest to consider the case when the stimulus consists of a uniform background and a spot of finite but more than one unit size. One may suggest that the potential difference increases with spot size. But this is true only as a general tendency because the potential difference between the nodes separated with the spotbackground boundary may depend also on the shape of the spot and on the position of these nodes at the boundary. In order to clarify the general tendency of the dependence of the potential difference on the spot size, we restrict ourselves to the case of square-shaped spots and choose the pair of nodes, situated at equal distances from the square's angles.
In principle it is possible to find the potential differences in question using the explicit expressions for the coefficients f g (i, j ). Yet it is more convenient to fall back on numerical solution of Eq. (1) for obtaining the set of output potentials and then to calculate the desired potential differences.
Such calculations were performed for eight stimuli consisting of the uniform background and the square- The dependence of the relative potential difference
on the square's side of the spot, k, is represented on Fig. 4 . The points for the given values of k are connected with smooth lines by spline interpolation. As could be expected, reduction of g for the given spot size results in an increase of smoothing. Also, a larger spot results in less smoothing of the potential difference across the spot-background boundary for a given degree of coupling. When the square's side of the spot is several times larger than the corresponding length con- 
Signal-to-noise ratio
Detection and localization of the boundary between the areas of different brightness is usually considered to be one of the most important functions of primary visual processing. The basis for any reasonable algorithm for solving such a problem is calculation of brightness gradient or some higher order space derivatives of the brightness [12, 13] .
If the output potential of the photoreceptor were a single-valued function of illumination and this function were the same for adjacent photoreceptors, then the difference in the output potentials of neighbour nodes may be used as difference approximation of the corresponding brightness derivative. But the light-induced potential and therefore the output potential of the real photoreceptor is subject to spontaneous fluctuations. In addition, the dependence of the light-induced potential on illumination may be not identical for different photoreceptors because of scattering of their parameters.
The light-induced potential of the real photoreceptor may be expressed as
U*(m, n)=V*(m, n)+x(m, n),
where V*(m, n) is the light-induced potential of the standard photoreceptor; x(m, n) is a perturbation due to the deviation of the parameters of the given photoreceptor from the standard. It seems reasonable to consider the perturbation x(m, n) as a random variable and to call it the photoreceptor noise. We assume the random variables corresponding to different nodes to be uncorrelated, having zero mean and the same variance | 
This quantity may be interpreted as the signal, containing useful information on the corresponding brightness difference. The smoothed noise difference ly is the noise masking the signal (not to be confused with the photoreceptor noise), that is a random variable. Its variance, | 2 d (g), is a natural measure of the masking noise intensity. In the case of isolated photoreceptors the masking noise variance is
The stronger is the photoreceptor coupling the less is the masking noise variance. It is convenient to express this quantity as
where b 2 (g)B1 for coupled photoreceptors is the relative noise variance.
It is natural to call the ratio
the signal-to-noise ratio at the spot-background boundary. It follows from Eq. (9) and Eq. (10) that
If the photoreceptors are isolated (g =), then the signal-to-noise ratio equals
In the general case the signal-to-noise ratio may be written as
is the gain in signal-to-noise ratio caused by photoreceptor coupling.
As follows from Eq. (12) the photoreceptor coupling results in two effects. First, the potential difference is smoothed, that is the signal becomes weaker. Second, the masking noise also decreases. If photoreceptors are isolated then G() = 1 (irrespective of spot size). In the case of coupled photoreceptors it turns out that G k (g)\ 1 for the larger spots. In order to find dependence of the signal-to-noise ratio gain on the parameter g and the spot size it is necessary to know the values of the relative standard deviation, b(g). In principle, this quantity can be found analytically, but it appears to be more convenient to evaluate it numerically.
Let us take an array of independent pseudo-random numbers x(m, n); m= 1, M; n=1, N of zero mean and the given variance | The plot demonstrates that there is some gain in signal-to-noise ratio (G k (g)\ 1) for any spot size bigger than one. The larger the spot size and the degree of coupling, the higher is the gain.
Detection of the spot-background boundaries
In order to analyze the effect of photoreceptor electrical coupling on detection of the spot-background boundary, a computer experiment has been performed. The stimulus consisting of a uniform background and eight square-shaped spots of another brightness was formed. The spots were of the same sizes as those used for the measurements of relative potential differences, that is the values of k were chosen as 1, 2, 3, 5, 7, 9, 11, 13. Such a stimulus determines the array of the light-induced potentials, V*(m, n), described by Eq. (7). It is also the array of the output potentials for the network of noiseless isolated photoreceptors.
The photoreceptor noise has been modeled by independent pseudo-random Gauss distributed numbers x(m, n) of zero mean, added at each node. The standard deviation, | x , was chosen to obtain successful boundary detection in the network of coupled photore- The simplest algorithm for detection of the boundaries between the spot and background was chosen, without attempting to model any edge detecting mechanism of the real visual system.
For the given stimulus all spot-background boundaries are straight lines parallel to the coordinate axes. Therefore to detect the spot-background boundaries it is enough to use the potential differences for the node pairs [(m, n), (m −1, n)] and [(m, n), (m, n− 1)].
In the absence of the photoreceptor noise a difference in light-induced potentials of the adjacent photoreceptors can be caused only by the difference in their illumination. In the case of coupled photoreceptors the In the case of real (noisy) photoreceptors the necessary condition should be rewritten as
where H(g)= v| l (g) is a certain threshold proportional to the masking noise standard deviation and
U(m, n)= V(m, n)+y(m,n)
In order to detect and locate the boundary the necessary condition should be completed with the following requirement: the potential difference in question must take a local extremal value along the corresponding coordinate axis. Thus the complete decision rule for detecting the boundary is formulated as follows:
The nodes (m, n) and (m, n−1) are considered to be separate with the boundary if {[U(m, n)−U(m, n−1) As the threshold is increased, the probability of false boundary detection decreases, but the probability of the boundary missing increases. Usually the value of the factor v is chosen between three and six so that the errors of the first kind can be neglected. Fig. 6(A) , presents the results of calculations of the potential differences in the case of noiseless isolated photoreceptors. Non-zero differences V*(m, n)− V*(m, n− 1) and V*(m, n) −V*(m − 1, n) are shown as black dashes of unit length, separating the corresponding nodes. The set of the black unit dashes forms the boundaries of eight spots. Fig. 6(B) , shows the results of the boundary marking for the network of noisy isolated photoreceptors. The values of the standard deviation of the photoreceptor noise and the threshold were chosen in the following way: | x = 0.29C and v= 3.5, that is H=v2 1/2 | x = 1.43C. The probability of false boundary detection is about or less than 0.0004. The probability of the boundary missing is about 0.85. Such a very high value is explained by the low signal-to-noise ratio (Eq. (11)): w() = 2.44. Fig. 6(C) , shows the results of the boundary marking in the case of noisy coupled photoreceptors for g=0.4 using the detection and location rules described above for v =4.5 that corresponds to the probability of false boundary detection approximately the same as in the previous case. The probability of the boundary missing is about 0.15, that is almost six times less than for isolated photoreceptors. It is seen that the boundaries of the spot are detected reliably if the spot size k]5. Such a result corresponds to increasing the signal-tonoise ratio due to photoreceptor coupling. According to Fig. 5 the signal-to-noise ratio gain, G 5 (0.4), is about 2.5 and the gain increases when the spot size become bigger. If the signal-to-noise ratio is about six it is enough for practically correct detection.
Discussion
The results of the present work show that the electrical couplings between photoreceptors not only suppress the effects of temporal fluctuation noise evoked by spontaneous bleaching of visual pigment and by the quantum nature of light, as revealed by previous authors. They also result in suppressing uncorrelated spatial noise in the photoreceptor outputs both produced by variations of photoreceptor parameters or inherent to the spatial distribution of brightness itself.
Intuitively it seems obvious that the low-pass spatial filtering provided with the photoreceptor coupling should improve the detection of large spots against a high-frequency noise background. It is less obvious, however, that the detection of the brightness boundaries, that is high-frequency features of the spatial distribution of brightness, is also improved.
The present computations show that the gain depends on the extension of the boundary between the areas of different brightness. In general, the longer it is, the higher is the gain. The Fig. 6 clearly shows that the extended low-contrast boundaries that cannot be detected at the level of electrically isolated photoreceptors are found easily after smoothing the output potentials by electrical coupling. Certainly, this gain is achieved at the expense of the loss of low-contrast small details of the spatial distribution of brightness that are attenuated to the same extent as the uncorrelated photoreceptor noise.
Doubling or halving the degree of photoreceptor coupling only weakly changes the gain in the signal-tonoise ratio and its dependence on the boundary length (see Fig. 5 ). So the state of light adaptation does not significantly influence the noise-depressing effect of coupling because the changes in total membrane resistance between light and darkness are less than two-fold [14] and the coupling resistance is probably almost constant. In this paper, we did not try to analyze the noise-depressing effect of photoreceptor coupling in dynamics. However, the transient rise of the length constant during the on-peak of the light response [15, 16] would favour the noise-depressing effect of electrical coupling. This can be seen in Fig. 5 where the increase of electrical coupling makes the gain in signal-to-noise ratio for extended boundaries somewhat higher.
The minimal difference in light-induced potentials of the adjacent photoreceptors separated with the spotbackground boundary which still can be detected determines the contrast threshold, that is the just noticeable brightness difference between the background and the spot. It is easy to show that the minimal detectable difference in light-induced potentials is inversely proportional to the gain in signal-to-noise ratio. It follows from Fig. 5 that this difference reaches its maximal value for the unit spot and rapidly falls up to 1/2.4-1/3.7 of the maximum when the size of the spot increases. Such a dependence has a striking parallel with psychophysical data. It is known that the contrast threshold that is very high for point details, strongly decreases (by 10-20 times) for larger objects [17] . One can suppose that, at least in part, this dependence reflects the noise-depressing effect of electrical coupling at the level of photoreceptors.
